conventional chemotherapy, we conducted a retrospective comparative study assessing the outcome of 473 adult patients with Ph + ALL who, between 2000 and 2010, underwent allo-SCT in CR1 with HLA-identical siblings or matched unrelated donors, with a special emphasis on the impact of TKIs.
Introduction
The Philadelphia (Ph) chromosome is one of the most frequent cytogenetic abnormalities in adult acute lymphoblastic leukemia (ALL). Its prevalence increases with age, accounting for 12%-30% in patients aged 18-35 years, 40% in patients aged 36-50 years, and over 50% in patients aged over 60 years.
1,2 Philadelphia-positive (Ph + ) ALL is associated with an at least 10% lower rate of achieving a first complete remission (CR1) with standard induction as compared to Ph-negative disease and has poor long-term prognosis, with a median survival of eight months. 3, 4 In recent years, BCR-ABL1-directed tyrosine kinase inhibitors (TKIs), such as imatinib mesylate (and more recently dasatinib or nilotinib), combined with chemotherapy have been found to be very effective for inducing disease remission in patients with Ph + ALL without additional toxicity, suggesting that better long-term outcomes may be possible. [5] [6] [7] [8] [9] [10] In the pre-TKI era, allo-SCT was considered to be the standard of care using either a matched sibling or unrelated donor in first CR (CR1) in adults. [11] [12] [13] [14] [15] [16] [17] Although allo-SCT could offer a curative option in Ph + ALL, 17 relatively high rates of relapse and non-relapse mortality (NRM) limited the benefit of an allo-SCT. 15, [18] [19] [20] The international Bone Marrow Transplant Registry reported a leukemia-free survival (LFS) rate of 38% following human leukocyte antigen (HLA)-identical allo-SCT in CR1. 13 Several groups have reported that TKI-based induction chemotherapy produced high CR rates, thus allowing a high proportion of patients to proceed to allo-SCT. 18, [21] [22] [23] [24] [25] However, there is little information on the efficacy of TKI administration after allo-SCT. 26, 27 Moreover, the impact of TKI-based therapy on long-term outcome after allo-SCT remains unclear. To address whether allo-SCT associated with TKI administration before and/or after allo-SCT is a valid therapeutic approach as compared to This study aimed to determine the impact of tyrosine kinase inhibitors given pre-and post-allogeneic stem cell transplantation on long-term outcome of patients allografted for Philadelphia chromosome-positive acute lymphoblastic leukemia. This retrospective analysis from the EBMT Acute Leukemia Working Party included 473 de novo Philadelphia chromosome-positive acute lymphoblastic leukemia patients in first complete remission who underwent an allogeneic stem cell transplantation using a human leukocyte antigen-identical sibling or human leukocyte antigen-matched unrelated donor between 2000 and 2010. Three hundred and ninety patients received tyrosine kinase inhibitors before transplant, 329 at induction and 274 at consolidation. Kaplan-Meier estimates of leukemia-free survival, overall survival, cumulative incidences of relapse incidence, and non-relapse mortality at five years were 38%, 46%, 36% and 26%, respectively. In multivariate analysis, tyrosine-kinase inhibitors given before allogeneic stem cell transplantation was associated with a better overall survival (HR=0.68; P=0.04) and was associated with lower relapse incidence (HR=0.5; P=0.01). In the post-transplant period, multivariate analysis identified prophylactic tyrosine-kinase inhibitor administration to be a significant factor for improved leukemiafree survival (HR=0.44; P=0.002) and overall survival (HR=0.42; P=0.004), and a lower relapse incidence (HR=0.40; P=0.01). Over the past decade, administration of tyrosine kinase inhibitors before allogeneic stem cell transplantation has significantly improved the long-term allogeneic stem cell transplantation outcome of adult Philadelphia chromosome-positive acute lymphoblastic leukemia. Prospective studies will be of great interest to further confirm the potential benefit of the prophylactic use of tyrosine kinase inhibitors in the post-transplant setting.
Tyrosine kinase inhibitors improve long-term outcome of allogeneic hematopoietic stem cell transplantation for adult patients with Philadelphia chromosome positive acute lymphoblastic leukemia 
Methods

Study design, data collection and selection criteria
Patients with Ph + ALL reported to the registry of the Acute Leukemia Working Party of the European Group for Blood and Marrow Transplantation (EBMT) were included in this study. For the purpose of this specific analysis, participating centers were requested to enroll consecutive Ph+ALL cases diagnosed between January 2000 and December 2010. The study aimed to include cases of Ph+ B-ALL receiving first allo-SCT from an HLA-identical sibling donor (MSD) or HLA-matched unrelated donor (at least 6/6 HLA matching) (MUD) who: i) were aged 18 years or over at time of transplant; ii) were in CR1; iii) were transplanted between 2000 and 2010; iv) received allogeneic unmanipulated bone marrow (BM) or peripheral blood stem cells (PBSC) as stem cell source; v) received a standard myeloablative conditioning (MAC) regimen or a reduced-intensity conditioning (RIC) regimen according to Bacigalupo's criteria; 28 and vi) whose complete clinical data and outcomes were available. A total of 473 allo-SCT recipients from 77 participating centers met these eligibility criteria. Institutional review board approval was obtained from all participating institutions.
Minimal residual disease assessment
Investigators were asked to provide minimal residual disease (MRD) data at time of transplant. As the most commonly accepted level of sensitivity for a given sample to be considered PCR negative is 10 -4 BCR/ABL copies, we distinguished two groups for the purpose of this analysis: a "low-risk" group with MRD ≤10 -4 , and a "high-risk" group with a ratio >10 -4 .
29,30
Statistical analyses and definitions
The primary end points were leukemia-free survival (LFS), relapse incidence (RI), and non-relapse mortality (NRM). Secondary end points were overall survival (OS), acute graft-versus-host disease (aGvHD) and chronic graft-versus-host-disease (cGvHD).
Patient-related, disease-related, and transplant-related variables were compared between the 2 groups receiving or not TKI before transplantation using the χ 2 statistics for categorical variables and the Mann-Whitney test for continuous variables. Factors that differed significantly between the two groups with P values less than 0.05, and all factors associated with a P value less than 0.10 by univariate analysis were included in the final models. Cumulative incidence functions (CIF) were used to estimate RI and NRM in a competing risk setting, because death and relapse compete with each other. To study cGvHD, we considered relapse and death to be competing events. Probabilities of LFS and OS were calculated using Kaplan-Meier estimates. Univariate analyses were performed using Gray's test for CIF and the log rank test for LFS and OS. Associations of patients' and graft characteristics with outcomes were evaluated in multivariate analysis, using Cox proportional hazards model. In order to assess the possible impact of acute GvHD, chronic GvHD and use of up-front prophylactic TKI after transplant on outcome, we used a Cox model with timedependent variables.
All tests were two-sided. The type-1 error rate was fixed at 0.05 for determination of factors associated with time-to-event outcomes. Statistical analyses were performed with SPSS 19 (SPSS Inc./IBM, Armonk, NY, USA) and R 3.0.1 (R Development Core Team, Vienna, Austria) software packages.
Results
Patients' characteristics
Four hundred and seventy-three allo-SCT recipients were included in this study (Online Supplementary Table  S1 ); 260 (55%) were males. Median age was 42 years (range 18-70). Sixty-nine (15%) patients presented with extramedullary disease at time of diagnosis and the median white blood cell (WBC) count was 20.9x10 9 /L (range 0.3-640). Three hundred and seventy-five (79.3%) patients received a standard MAC regimen and 98 (20.7%) an RIC regimen. One hundred and fifty-five (33.3%) patients received antithymocyte globulin (ATG) as part of the conditioning regimen. The median follow up (F/U) of alive patients after allo-SCT was 45 months.
Tyrosine kinase treatment features
Three hundred and ninety (82.5%) patients received TKIs before transplant. Among them, 329 received TKIs at induction, 274 at consolidation, 100 at induction only, 61 at consolidation only, 213 both at induction and consolidation. For 16 patients who received TKIs at induction, information at consolidation was missing. As expected, imatinib was the most widely used TKI (89.1%) at a median dose of 600 mg/d, followed by dasatinib (9.3%) at a median dose of 140 mg/d, while 6 patients received nilotinib (3 unknown cases). The median time of TKI initiation was 11 days (range 0-363) after diagnosis and median duration of administration was 99 days (range 7-385). The groups "TKIs before allo-SCT" and "no TKIs before allo-SCT" were comparable in terms of age, WBC at diagnosis, interval from diagnosis to CR1 and from CR1 to HSCT, patient sex, donor sex, extramedullary disease at diagnosis, type of donor, and level of MRD (Online Supplementary Table  S1 ). Median follow up of patients without TKIs before allo-SCT and with TKIs before transplant were 98 months (range 1-142) and 42 months (range 1.2-145), respectively (P<0.0001). The two groups were also different in terms of stem cell source: PBSC was given to 309 patients (79%) in the group with TKIs versus 55 patients (66%) in the group without TKIs (P=0.01). More patients received MAC regimen in the group without TKIs before allo-SCT (96% vs.
76%; P=0.001).
Finally, 157 patients received TKIs after transplant at a median of 83 days (range 0-1786) after transplant: 124 received imatinib, 26 dasatinib, 1 nilotinib, and 6 missing cases. In all, 60 patients received TKIs post transplant for primary prophylaxis of relapse.
Outcome
At five years, OS of the whole population was 46% (95%CI: 41-51). In univariate analysis, TKIs before transplant was the only factor associated with better OS [47% (95%CI: 41-53) vs. 38% (95CI: 27-48) in patients not receiving TKIs before allo-SCT, respectively; P=0.04] (Table 1 and Figure 1 ). As aGvHD, cGvHD and TKI post transplant were considered as a time-dependent variable, HR and 95%CI can only be estimated by using Cox model with time-dependent variable (Online Supplementary Table  S2 ). In multivariate analysis for OS, 2 factors were favorable factors: TKI administration before allo-SCT In this cohort, 94 (40%) patients died from disease relapse, with a cumulative incidence of relapse of 36% (95%CI: 0.32-0.41) at five years. In univariate analysis, the cumulative incidence of RI in the group of patients with TKIs before allo-SCT was 33% (95%CI: 28-38) versus 50% (95%CI: 38-60) in the group with no TKIs before transplant (P=0.006) (Figure 1 , respectively) as well as age at transplant and time from diagnosis to transplant. . Interestingly, there were no statistically significant differences in terms of OS, LFS, RI and NRM at five years between the "low-risk" and the "high-risk" MRD groups: LFS, 40% (95%CI: [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] 
Impact of minimal residual disease on outcome
Graft-versus-host disease
The cumulative incidence of grade 2-4 aGvHD at 100 days and cGvHD at five years were 40%±2 and 53%±2, respectively. In univariate analysis, the use of TKIs pretransplant was significantly associated with a higher rate of aGvHD grade II+ [37% (95%CI: 31%-41%) vs. 24% (95%CI: 15%-34%); P=0.04] and of cGvHD [56% (95%CI: 50%-60%) vs. 37% (95%CI: 25%-48%) (P=0.008)] ( Table 3) 
Discussion
This study confirms that TKIs are a critical treatment component for patients with adult Ph + ALL in whom an allo-SCT is indicated. We found a significantly superior 5-year post-transplant OS due to lower relapse rates in patients who received TKIs before allo-SCT. It is clear that inclusion of imatinib and newer TKIs into the various phases of the treatment of Ph + ALL has re-shaped the therapeutic algorithm. Thomas et al. 31 showed that the association of imatinib with induction chemotherapy resulted in a 2-year OS reaching 56%, including the group of patients who proceeded to standard MAC allo-SCT. Another single center study showed that incorporation of imatinib into induction chemotherapy with subsequent allo-SCT after MAC achieved a 3-year OS rate of 78%. 22 In a smaller series of 25 patients with Ph + ALL in CR1 who received post-transplant imatinib, the 3-year OS reached 62%. 32 Although several earlier studies suggested a benefit for including TKIs in the treatment of Ph + ALL, evidence of a long-term survival benefit has only become available more recently because many of the initial studies concerned early data with short-term follow up. The Japanese Adult Leukaemia Study Group recently reported a higher 3-year OS probability of 65% when combining imatinib-based induction and MAC allo-SCT. 33 However, many of these studies included a significant proportion (up to 39%) of untransplanted patients. Our current study is the largest patient group yet reported to receive allo-SCT in Ph + ALL in CR1 in the era of TKIs, with a long-term follow up at five years post allo-SCT. The use of pre-transplant TKIs had the beneficial effect in that all patients were in CR1 before allo-SCT. This is consistent with other observations that TKIs enhance the feasibility of allo-SCT for Ph+ALL by increasing remission rates and extending remission durations. 17, 18, 23, 25, 31, [34] [35] [36] [37] [38] In this study, pre-transplant TKI use was an independent variable in multivariate analysis for improving long-term OS in patients transplanted in CR1. This superior OS appeared to be largely related to a lower rate of relapse. Indeed, pre-transplant TKIs were associated with lower RI in both uni-and multivariate analyses. Consistent with other reports, we found that the use of TKIs before transplant was not associated with increased NRM. 27 In this study, the MRD level at transplant was not predictive for outcome, and did not correlate with TKI treatment. Reports from the pre-imatinib era suggested a close correlation between BCR-ABL transcript levels and outcome. 39, 40 In the TKI era, BCR-ABL transcript levels have also been correlated with response in some studies. 41 
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haematologica | 2015; 100(3) 20 showed that a 3-log reduction in BCR-ABL transcripts after one month of imatinib treatment predicted a reduced risk of relapse. In contrast, Yanada et al. 42 observed no association between rapid achievement of BCR-ABL negativity and long-term outcome. In the present study, a 0.01% threshold was used to define MRD positivity, as widely used. 43, 44 However, using this threshold, we found no association between the MRD level before transplant and allo-SCT outcome. Several factors may account for this negative finding. First, despite some standardization in monitoring BCR-ABL fusion transcripts, this registry-based study included diverse methodologies for MRD determination. However, MRD was determined mainly by PCR for detection of chimeric mRNA arising from BCR-ABL1 genomic recombination in 344 patients (93%). This assay has been widely used to monitor response and guide therapeutic choices. 20, 40, 42 Our results are quite consistent with two recently published studies. Schultz et al. reported 5-year outcomes of imatinib plus intensive chemotherapy in 91 children (age 1-21 years) with and without allogeneic BMT. MRD levels at the end of the second consolidation also did not predict outcome in those patients receiving either an unrelated or related donor BMT from all cohorts with 77±13% 5-year EFS for MRD 0.01% or under (n=14) compared with 40±22% for MRD over 0.01% (n=5; P=0.18). 45 Bachanova et al. reported the outcome of 197 Ph + ALL patients who underwent allo-SCT. MRD before transplant, in the whole cohort, as determined by FISH and/or PCR, had no impact on relapse (P=0.13), disease-free survival (P=0.56) or overall survival (P=0.66). In sub-group analysis, patients receiv- ing pre-HCT TKI in combination with MRD negativity pre-RIC HCT had superior OS (55%) compared with a similar MRD population after MAC (33%; P=0.0042). 46 In our study, the number of patients in the RIC group who did not receive TKIs before allo-SCT (n=6) did not allow a subgroup analysis to be made. We can also hypothesize that, since TKIs induce profound molecular responses, a lower cutoff might have been more informative for correlating MRD with outcome. The lower relapse incidence seen in patients given pre-transplant TKI probably reflected a more profound molecular response in this patient group. It is also possible that post-transplant interventions with TKIs controlled allo-SCT patients with a higher MRD load until the development of the immune-mediated graft-versus-leukemia (GvL) effect. MRD monitoring of BCR-ABL fusion-transcript after allo-SCT for Ph + ALL could shed some light on this possibility. 47 The issue of whether, and under what circumstances, TKIs should be administered after allo-SCT remains unresolved. We found a significant benefit of prophylactic TKIs on LFS, OS and RI. Study design prevented a full analysis of treatment and tolerability of TKI administration post allo-SCT. However, previous data suggest that a relatively short exposure to TKIs may control residual leukemia prior to the establishment of a GvL effect. Pfeifer et al. 30 recently compared prophylactic with MRD-triggered imatinib after allo-SCT for Ph + ALL. Prophylactic imatinib significantly reduced the incidence of molecular recurrence after allo-SCT compared with MRD-triggered imatinib (40% vs. 69%; P=0.046). Interestingly, 5-year survival in both interventional groups was high (80% and 74.5%), despite premature discontinuation of imatinib in the majority of patients because of poor tolerability. Ram et al. 32 reported that imatinib, given after RIC allo-SCT, did not significantly affect relapse. Taken together the results suggest that prophylactic TKIs may improve outcome, but further confirmation is needed. However, patients we identified as high risk for relapse (higher WBC, an RIC regimen, and matched sibling donor SCT) might especially benefit from post-transplant TKI. Despite the potential of RIC regimen recipients to relapse, we found no difference in OS and LFS between patients who received an RIC regimen or a MAC regimen. This confirms that RIC is a valid option for patients ineligible for MAC, as shown by Bachanova et al. 46 Interestingly, pre-transplant TKI was associated with a higher cumulative incidence of aGvHD [37% (95%CI: 31%-41%) vs. 24% (95%CI: 15%-34%); P=0.04] in univariate analysis. Although imatinib can be beneficial in steroid-refractory cGvHD, 48, 49 the main imatinib sideeffects are edema, skin rashes and diarrhea. 50 The pathophysiology of these manifestations is still unknown. We can hypothesize that the association of TKIs and chemotherapy before HSCT can be deleterious and induce primary lesions. However, TKI pre-transplant was not associated with aGvHD in multivariate analysis (HR=1.52; 95%CI: 0.92-2.52; P=0.010). Whether TKIs are or are not deleterious when used before transplantation deserves further investigation. In multivariate analysis, TKIs post-HSCT were associated with a lower incidence of GvHD. This interesting issue of the potential beneficial impact of TKIs post transplant will need to be confirmed since the bias of patient selection by the physician for giving TKIs may have interfered with this result.
In conclusion, over the past decade, TKI administration before allo-SCT has significantly improved the long-term allo-SCT outcome of adult Ph + ALL. Prospective studies will be of great interest to further confirm the potential benefit of the prophylactic use of TKIs in the post-transplant setting.
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